This work investigates the relative aggressiveness of nitrate solutions at different pH values on mild steel towards stress corrosion cracking (SCC) and general corrosion. Electrochemical behavior and stress corrosion cracking susceptibility measurements were carried out in 52 Wt% ammonium nitrate solutions at 368° K and various pH values ranging from 0.77 to 9.64. Constant load stress corrosion test at 90% yield stress was conducted. Tested specimens were prepared and examined using the scanning electron microscope (SEM). The potentiodynamic polarization curves for different pH values again emphasized the validity of the gravimetric measurements and hence the mechanism of cracking was attributed to the stress that assisted the dissolution process.
Introduction
Stress corrosion cracking (SCC) can lead to rapid and catastrophic failure in many different metals and alloys. This phenomenon occurs under conditions where a component is exposed to a mildly corrosive environment while under applied and/or residual tensile stress. Hence, metal parts with severe SCC can appear bright and shiny whilst being filled with microscopic cracks [1] . These factors along with the rapid progress of SCC make it common for SCC to go undetected prior to failure. Steel/ nitrate interaction is an issue in nitrogenous fertilizer plants, waste heat recovery boilers (WHRBs) in power generating plant and nuclear wastes [2] .
The effect of pH and types of nitrate solution has been investigated [3] , which concluded that the order of decreasing aggressiveness of nitrate solutions corresponded to the order of increasing (initial) pH for a given chemical strength, i.e., NH 4 + , Ca ++ , K + , Na + . The aggressiveness of ammonium nitrate when compared to other nitrates was attributed to its lower pH. Parkins [4] reported that the marked decrease in potency at initial pH values in the region number 4 compared to either slightly higher or lower values depends probably upon pH changes in the solution during the test. The above work was concerned with the changes in pH of the bulk of solution and not with the pH at the crack tip region, which undoubtedly more acidic. Steel has been characterized as being very susceptible to SCC at nearneutral pH [5] .
In this work a comprehensive study on the effect of the pH of ammonium nitrate solution on the susceptibility of mild steel to stress corrosion cracking and general corrosion was carried out. The results indicate that in some pH values the general and localized corrosion were the cause of failure. In other pH values the stress corrosion cracking were the cause of failures. The severity was confirmed by the calculation of crack growth rate, morphology of the fracture surface by SEM and by polarization work.
composition (wt%):
C 0.070, Mn 0.300, Si 0.093, S 0.044, P 0.019. The Material was supplied in the form of 19 mm diameter rods. The corroding solution was prepared by using ammonium nitrate.
Specimen Preparation

Electrochemical Measurement
The steel rods were hot-rolled at 1200° K to 4 mm thick strips. This was reheated to 1200° K in the furnace for 900 s, and then allowed to cool to room temperature. Most of the oxide film was removed by pickling in 30% HCl solution, and the surface was finally cleaned for coldrolling by mechanical abrasion. The strips were reduced to 0.5 mm thick by cold-rolling.
Samples of 20 mm by 13 mm were prepared. A 3 mm holes were drilled at one end to suspend the samples, then the specimens were degreased with ether, annealed at 1200° K for 3.6 ks. The specimens were attached to the holder and the whole assembly coated apart from an area of 100 mm 2 on one face.
Stress Corrosion Measurement
The steel rod was hot-rolled at 1200° k and swaged cold to approximately 10 mm diameter. It was then annealed at 1200° k for 900 s, furnace cooled to 850° k, followed by air cooling to room temperature. The specimens were machined from the rod as shown in Figure 1 . They have a gauge length of 15.8 mm and a gauge diameter of 3.2 mm.
General Corrosion Testing
Samples of 40 mm by 15 mm were prepared. A 3 mm holes were drilled at one end to suspend the samples, then the specimen were degreased with ether, annealed at 1200 k for 3.6 ks.
Apparatus
Electrochemical Measurements
For electrochemical measurements on unstressed specimens, a glass cell comprising two compartments was designed. The main compartment contained the working electrode and the platinum counter electrode. The reference compartment contained a saturated calomel electrode. The complete cell is shown in Figure 2 . The two compartments were connected by a salt bridge with a Luggin capillary. The glass joints that carried the working and the counter electrodes also had a screw cap joint for the thermometer. There was another two openings in the main compartment, one for water condenser, and the other for gas and solution inlet, when working with de-aerated system. The reference compartment has a thermometer gas inlet and liquid inlet together with the saturated calomel electrode in one joint. The cell capacity is 0.4 dm 3 of test solution. Only the main compartment of the cell was immersed in an oil bath controlling the required temperature, the reference compartment was held at room temperature.
Stress Corrosion Measurement
The majority of the work was conducted using the constant load method. The tensile properties of the material were measured in triplicate using Instron Tensile Testing Machine. In all the constant load tests the load applied was 90% of the predetermined yield stress.
For electrochemical measurements on stressed specimens, a glass cell consisting of two compartments was used; the main compartment contained the stress corrosion specimen and the platinum counter electrode. The reference compartment contained the saturated calomel electrode, similar to the reference compartment described before. The two compartments were connected by a salt bridge with a Luggin capillary. The capacity of the cell is 0.25 dm 3 , and the details are shown in Figure 3 .
General Corrosion Measurement
A flat-bottomed one-liter glass vessel with two necks was used. One neck held the water condenser; the specimens were suspended by a glass hook from the lower end of the condenser. A thermometer, inserted through the second neck.
Results and Discussion
To validate the results, all measurements were conducted at least three times under each specific environment.
Stress Corrosion Life and Corrosion Potential
The entire stress corrosion test carried out under a constant load of 90% of the yield stress (206.5 MN m -2 ). A series of stress corrosion tests were carried out to determine the stress corrosion life in 52 Wt% NH 4 NO 3 solution at 368° k and various pH values ranging from 0.77 to 9.64. The corrosion potential was also recorded during the tests.
Figures 4, 5 and 6
show the changes in the corrosion potential during the stress corrosion test at different pH values. In solution of pH 2.78 and above jumps in the corrosion potential to more negative values were observed before failure occurs. At pH 0.77, no oscillations were observed. Figure 7 shows the whole range of potential change, the initial and the final pH of the solution, and the stress corrosion life for some of the above tests. For lower pH values, the pH was more basic at the end of the test, while at high pH values (5.7 and above), the pH became more acidic at the end of the test. While results indicate that the critical range for cracking (i.e., where the stress corrosion life is minimum) is between pH 3.0 and pH 7.5, cracking occurs even at pH 9.6 but after very long period of time.
Staehle [6] reported that with respect to pH, a change of one unit of pH changes the solubility of oxide by three orders of magnitude for three valent ions such as Fe 3+ and by two orders of magnitude for two valent ion such as Fe 2+ . It was reported that nuclear waste are all alkaline, with pH in the range 11-14. Even under these highly alkaline conditions, the presence of certain constituents, such as nitrates can make the carbon steel susceptible to SCC [7] . Other researchers indicated that elevated pH are long considered corrosion inhibitors and did not have a dominant effect on the susceptibility to SCC in the range 10-13.5 [8, 9] . the solution and the corrosion potential at different time during the test. The graph shows no straight forward systematic correlation between the pH of the solution and the potential.
Metallographic Examination
Selected specimens were prepared for examination using the scanning electron microscope and the ordinary metallographic microscope. The results are in Table 1 . Figures 9(a) and 9(b) show a fracture surface of a specimen which was stress corroded in a solution of pH 0.77. The first shows an area where localized attack has occurred, whilst the second shows the ordinary structure.
The crack growth rate was very small (3 nms -1 ) with big reduction of the specimen diameter (660 μm) which indicates the high general and intergranular corrosion occurs during the test.
Very heavy attack was observed when specimens were broken in a solution of pH 4.2. Figure 10 Illustrates part of the fracture surface. It is clear that that cracking occurs and the cracking rate was very high (71 nms -1 ), with very small reduction in the diameter (8 μm) which indicates the severity of such environment. Figure 11 shows a specimen which was stress corroded in a solution of pH 9.64. In summary the results of the present work indicate the following facts: 1) a presence of stress corrosion cracking at high pH values (pH 9.64, Figures 6, 11 and Table 1 ). 2) The high potency of the solution at pH 2.78 compared to lower or higher pH values (Figure 4) . 3 ) In a solution of pH 0.77, the SCC was associated with high rate of general attack (Figure 4, Figure 9 and Table 1 ). Naris Sridhar et al. [10] reported that intergranular stress corrosion cracking (IG SCC) has generally not been observed when the pH greater than 11.0. According to potential pH or pourbaix diagram [11] dangerous zones where SCC caused by nitrate solution is between pH 2.2 and 5.2, with corresponding potential between 0-I000 mV SCE .
Parkins et al. [12] reported that changes in the pH during the test show more relation to the results than the initial pH values. They showed that the time to failure correlated more significantly with the final pH of the solution than with initial values.
Relating the results shown in Figures 4, 5 and 6 to the stages of SCC indicate the followings:
 There are no sudden jumps to more active potentials before failure at a very low pH value (0.77), and hence no indications of fast propagation period [13] . This suggests that at this pH value, general corrosion and not stress corrosion is the predominant factor.
 In the pH range 2.0 -8.0, oscillations in potential are evident, occurring over a period representing 20 -25% of the total life. This suggests that variations in pH above and below the natural pH of 4.2 do not affect the percentage of the total time taken up by the fast propagation period [13] .  At relatively high pH (9.64), the duration of the fast propagation period is relatively unchanged, but it occupies only about 1% of the total life. This can be attributed to the very low rate of attack at such high pH value.
Corrosion Rate and Corrosion Potential
Measurement on Unstressed Specimens Figure 12 shows the effect of pH of the solution on both the general corrosion rate and the stress corrosion life. This figure indicates that the increase in the stress corrosion life at lower pH values was associated with high general corrosion, while at higher pH values (greater than 7.5) it was associated with low general corrosion. The variation of the corrosion potential with time for unstressed specimens was measured for period of ~70 ks at different pH values, ranging from 1.05 to 9.13 (Figure  13 and 14) . The potential changed to the more noble direction as the test proceeded over almost the whole range of the investigated pH except at pH 9.13. At this pH the potential at the beginning was less noble, and after approximately 30 ks more noble values were observed.
From Figures 12, 13 and 14 , the following are observed:  High general corrosion at lower pH values is accompanied by a more active potential.  The non dependence of pH on the corrosion rate between pH values of 4.2 and 6.9 is associated with unchanged corrosion potential.  The decrease in the corrosion rate with increasing pH in the range 6.0 -8.5 is characterized by erratic changes in the corrosion potential, e.g. it is comparatively noble at pH 7 and yet more active at higher values. The above behavior probably reflected the difference of the solubility of the corrosion product in solutions of different pH values. Figure 15 shows the effect of stress on the maximum corrosion potential during testing in 52 Wt% NH 4 NO 3 at 368° K at different pH values. The stress appears to cause a shift in the corrosion potential to more active values in the range of the critical pH.
Crack Growth Rate
From the microscopic examination and the results of stress corrosion life in different pH values reported in Table 1 , the crack growth rate was calculated by dividing the maximum measured crack depth by the total time to failure. The obtained value gives an estimate of the rate since it does not take into account the time to initiate cracks. The growth rate of any observed cracking is assumed to be constant throughout the exposure period. These estimates provide a simple semi quantitative diagnostic to classify the SCC propensity. The following points regarding the crack growth rate are concluded from Table 1 .
 In the solution of pH 0.77 the crack growth was only 3.2 nms -1 but there was a big reduction (18%) in the diameter which clearly indicates that general corrosion was dominating.  The crack growth rate at pH 2.78 is 17.7 nms -1 while it is 71 nms -1 at pH 4.2; thus it is obvious that the latter environment is more prone to SCC.  In the solution of pH 8.8 the crack growth rate was 2.6 nms -1 and this is probably because of the longer initiation period. Figure 16 shows the potentiodynamic polarization curves for different pH values of 52 Wt% NH 4 NO 3 solution at 368 K ranging from 2.04 to 8.35.
Potentiodynamic Polarization
The scanning started approximately 200 mv more negative than the open circuit potential (OPC) in the noble direction to more than +1500 mv using sweep rate of 0.33 mVs -1 .
Several distinct characteristics for solution of different pH are as below:
 For pH 2.04 1) An active dissolution regime between −500 mV SCE and −150 mV SCE , 2) First passive plateau at a current density of 2 × 10 3 Am -2 between potential −150mV SCE and zero mV SCE , 3) Broad active to passive transition peak starting at zero mV with corresponding current density of 0.85 × 10 3 Am -2 , 4) Second dissolution regime between + 500 mV and 600 mV, 5) Second passive plateau at current density of 1.3 × 10 3 Am -2 between 600 mV and 1300 mV SCE , 6) A transpassive regime starting at 1300 mV SCE .  For pH 4.2 1) An active dissolution regime between −500 mV SCE and −350 mV SCE , 2) First active-passive transition starting at −350 mV with a corresponding current density of 1 × 10 3 Am -2 , 3) An active dissolution regime between −300 mV SCE to −150 mV SCE , 4) A second active-passive transition starting at −150 mV SCE with a corresponding current density of 3 × 10 3 Am -2 , 5) Transition peak at potential 0 mV with a corresponding current density of 0.6 × 10 3 Am -2 , 6) A passive plateau at a current density of 0.4 × 10 3 Am -2 between 500 mV SCE and 1400 mV SCE , 7) The initiation of the transpassive regime at 1450 mV SCE .  For pH 6.97 1) An active dissolution regime between −500 mV SCE and −150 mV SCE , 2) A passive plateau at a current density of 3.5 × 10 3 Am -2 between −100 mV SCE and +500 mV SCE , 3) Sudden decrease in the current density to 0.2 × 10 3 Am -2 at −520 mV SCE , 4) passive plateau at current density of 0.2 Am -2 between 550 mV SCE and 1200 mV SCE , 5) The initiation of transpassive regime at 1200 mV SCE .  For pH 8.35 1) A slow dissolution from −250 mV SCE to 800 mV SCE to a maximum current density of 0.1 × 10 3 Am -2 , 2) Another dissolution behavior from 800 mV SCE to 1200 mV SCE to a maximum current density of 0.9 × 10 3 Am -2 , 3) Passive plateau at a current density of 1 × 10 3 Am -2 between 1200 mV SCE and 1600 mV SCE , 4) The initiation of transpassive regime at 1600 mV SCE . From above it is clear that the potentiodynamic polarization curves again emphasize the validity of the gravimetric measurement and show the influence of pH on the anodic dissolution characteristics of mild steel. These results were found to be in accord with previous research [14] .
Conclusions
At very low pH values, stress corrosion cracking is associated with very high rate of general corrosion. In the region of pH 2.0 to 4.2 the stress corrosion life is relatively unchanged and general corrosion rate decreases with increasing of the pH level. Between pH 4.2 and 6.0, the corrosion rate and stress corrosion life are almost constant. In the region of pH 6.0 to 7.5, the stress corrosion life increases slightly and the corrosion rate decreases. Above pH 7.5, there is a noticeable increase in the stress corrosion life while the general corrosion rate shows a marked decrease. Experimental observation suggests that an oxide film of critical physical properties is formed at immersion. This film suffers localized breakdown at the grain boundary. These limited grain boundary micro fissures will only propagate if aided by stress which facilitates the continuing action of the corrosion process. Subsequently, the precipitation of a layer of stifling corrosion product re-occurs and the cyclic process is repeated until failure. The local dissolution rate at the crack tip is accelerated with test time, which would be attributed to the continuous increase in the stress concentration. This reflects the interaction of stress and anodic dissolution during the SCC process.
